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Center of massHumans can detect whether an unstable object will fall or right itself, suggesting that the visual system
can extract an object’s center of mass (COM) and relate this to its base of support. While the COM can be
approximated by its shape, this assumes uniform density. We created images of computer-generated
goblets made of different materials to assess whether the visual system estimates an object’s COM from
both shape and material properties. The images were either uniformly dense (e.g., glass, gold, etc.) or
made of composite materials (e.g., glass and gold) and positioned upright or upside-down near a table
ledge. We compared each goblet’s critical angle (CA), the angle at which each goblet is equally likely
to fall or right itself, to the perceived CA in a two-alternative-forced-choice paradigm. Participants also
rank-ordered 20 materials by density on a questionnaire. The results show that observers accurately esti-
mate the CA for all goblets and are sensitive to subtle changes of an object’s COM with change in shape
and composite material properties. Importantly, rated density – as measured from the questionnaire –
and true material density were positively correlated, suggesting that humans might maintain a represen-
tation of relative material density with which to assess object stability. We conclude that the brain is able
to assess an object’s behavior in a gravitational environment by forming a reliable assessment of an
object’s COM from both its geometric shape and material properties.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
In order to determine if an object will fall off a table, the visual
system must have an accurate representation of the physical laws
governing object stability as well as an accurate estimate of an
object’s center of mass (COM). Shape of an object alone can provide
information about an object’s COM (Bingham & Muchisky, 1993;
Davi et al., 1993; Profﬁtt, Thomas, & O’brien, 1983; Yakimoff,
Bocheva, & Mitrani, 1990). This strategy works well for natural
objects (e.g., stone) as they are generally uniformly dense. How-
ever, man-made objects can have gross differences in density. For
example, an empty vase with a thick base will have a lower COM
than predicted from shape alone. Further, man-made objects are
often made of composite materials. In order to detect the true
COM of a non-uniformly dense object, the human visual system
could approximate density from visual information available from
material properties (e.g., texture and color), assuming that it has an
accurate representation of the relative density of materials.When an object is unstable, the direction of its movement is
governed by the relation between its center of mass (COM) and
the support area (SA; Fig. 1). The COM is the point in an object
where all resulting forces act upon it and the position of the dis-
tributed mass sums to zero, while the support area is the convex
hull of points of contact between the object and the plane that sup-
ports it. If the net force acting on an object is zero, it remains in sta-
tic equilibrium. The critical angle (CA) of an object is the angle at
which the object is equally likely to fall or right itself. The per-
ceived CA is found by measuring the angle at which an object is
perceived to be equally likely to fall or right itself (Barnett-
Cowan et al., 2011; Fleming & Singh, 2009).
The ability to rapidly infer an object’s COM is thus integral
when interacting with objects in order to correctly estimate their
behavior, such as when falling in a gravitational environment.
Humans are capable of reaching and grasping objects with visually
guided dexterity such that the opening of our ﬁngers and the ori-
entation of our hand reﬂect the size, shape, and COM of the object
as well as its orientation in egocentric space well before we make
contact with it (Jeannerod, 1988; Lederman & Wing, 2003; Wing &
Lederman, 1998). When judging object stability, previous research
has largely focused on human sensitivity to change of the COM
with object shape. Samuel and Kerzel (2010) found that observers
are reasonably accurate at identifying an object’s COM from shape,
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fall or right itself. In their study, observers consistently underesti-
mated the CA, suggesting that they expect objects to be more likely
to fall than they will. Barnett-Cowan et al. (2011) also found that
observers are sensitive to change in the COM by varying the height
of the bulge of an object placed at the edge of a table, however,
their results did not conﬁrm a conservative tendency in judging
object stability. Cholewiak, Fleming, and Singh (2013) showed that
observers can reliably match perceived object stability across
three-dimensional objects with different shapes that vary in their
degree of asymmetry, suggesting that perceived stability is likely
to be represented along a single dimension. Further, observers
were able to incorporate attached parts of an object (e.g., arms of
a cross) but tended to down-weight the inﬂuence of the attached
part on the object’s stability (Cholewiak et al., 2010).
The representation of physical laws have also been shown to
affect perceived object stability in addition to the shape of an
object. Barnett-Cowan et al. (2011) had observers judge the stabil-
ity of ﬁve objects with different COMs’ positioned near a table edge
and found that perceived object stability changes in accordance
with shift of the COM along the long axis of the object. Participants
in this study were also tested in three different body orientations
(upright, lay on their left or right side) where the CA for all objects
and body orientations were measured. They found that the physi-
cal laws that govern object stability are accurately represented in
the brain when upright. However, estimates of object stability
are biased by the direction of body orientation, suggesting that
prior assumptions of the body being upright affect the representa-
tion of the physical laws of gravity.
1.1. Material properties
The size, weight, and texture of an object affect how it is per-
ceived and acted upon. Classic examples of this are the Size–Weight
Illusion (SWI) and the Material-Weight Illusion (MWI). The SWI
occurs when equally weighted objects of different sizes are incor-
rectly perceived as having different weights when lifted
(Charpentier, 1891). Larger objects are perceived as lighter and
smaller objects perceived heavier due to the anticipation of the size
of the object. Similarly, in theMWI objectswhich appear to bemade
from lighter materials feel heavier than equally-weighted objects
which appear to be made from heavy materials (Seashore, 1899).
What makes these illusions so compelling is that they persist
with repeated experience, suggesting that they are deeply
grounded by prior expectations of the relationship between weight
and size or material. For example, in a study conducted by
Buckingham, Cant, and Goodale (2009), the MWI was induced
using three equally weighted blocks that appeared to be made of
different materials. Participants were instructed to lift each objectFig. 1. Depiction of the relationship between the center of mass (COM) and the suppor
directly above the SA (left). A tilted object is equally likely to fall or right itself when th
projected vector (dashed line) from COM lies beyond the SA (right).using two ﬁngers on a handle which measured their grip and lift
forces. Results indicated that the MWI was present during initial
trials, but in subsequent trials, participants readily adapted to the
actual weight of the object regardless of its material. In other
words, materials inﬂuence grip and lift forces in the short-term,
but the perceptual illusion persists in the form of biased weight
estimates. Furthermore, Buckingham, Ranger, and Goodale (2011)
later found that continuous feedback of material properties was
not necessary to experience the MWI, merely priming participants’
expectations of heaviness will induce a robust illusion. Addition-
ally, these expectations continued to inﬂuence participants’ lifting
forces after multiple trials.
One well known example of how humans can misattribute an
object’s behavior based on material properties comes from Gali-
leo’s falling bodies experiment. Objects of different weight fall at
the same rate in a gravitational ﬁeld with minimal air resistance
(Galilei, 1638). However, since Aristotle (Stillman, 1978), humans
tend to believe that the speed of an object’s fall is dependent on
its weight. That is, heavier objects should fall faster since they
are more affected by gravity, but in reality, lighter objects reach
their terminal velocity quicker, where the speed at which the force
of gravity equals the force due to air resistance, so heavier objects
can reach a higher speed. However, it is uncertain as to whether
participants inaccurately believe that heavier objects are more
affected by gravity than lighter objects, or whether they lack the
necessary knowledge of air resistance to help inﬂuence their judg-
ments (Oberle et al., 2005).
An erroneous belief of heavier objects being more affected by
gravity is consistent with the literature on naïve physics, which
generally suggests that erroneous beliefs about the fundamental
laws of physics are held by many (Halloun & Hestenes, 1985;
Kozhevnikov & Hegarty, 2001). For example, when participants
are asked whether a 5-lb ball or a 50-lb ball will hit the ground ﬁrst
when dropped at the same height, some would say the 50-lb ball
because ‘‘the mass is greater, therefore it will accelerate faster’’
(Whitaker, 1983). The fact that participants choose the 50-lb ball
illustrates the notion that an object’s weight commonly inﬂuences
a person’s judgment. Thus, if individuals are administered an
object stability task, they may perceive heavier looking objects to
be more likely to fall, as the apparent material would inﬂuence
their judgments of a material’s perceived weight.
Whether people believe that heavier objects are less stable, has
been partially addressed by Battaglia, Hamrick, and Tenenbaum
(2013) who proposed that humans use a cognitive mechanism
underlined through intuitive physics that allows them to make
probabilistic and fast inferences to react to unobserved stimuli in
naturally complex environments. To assess this hypothesis, they
measured human sensitivity to object stability using random con-
ﬁgurations of a 10-block tower and asked whether the towert area (SA) for object stability. An upright object remains stable when the COM is
e COM is directly above the point of support. An object will fall when the gravity
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altered by suggested changes in mass by presenting participants
with heavy or light blocks designated by different colors (10:1
mass ratio). Results indicated that the participants could accurately
incorporate different masses of individual objects into their predic-
tions, suggesting that explicit differences in material properties
may affect perceived object stability.
Together, these ﬁndings suggest that the human visual system
relies on information about object stability and material properties
to guide perception and action. However, it remains unclear
whether material properties that are implicitly known from past
experience play a role in perceived object stability. Here we sought
to determine whether humans might have an accurate representa-
tion of the relative densities of materials and whether this repre-
sentation is used to guide perceived object stability along with
shape. A Weighted Material Questionnaire (WMQ) was con-
structed to test if participants’ rated material densities matched
the actual densities of materials and to determine whether or not
they are capable of judging an object’s behavior in accordance with
material properties. If material properties are not accounted for or
are misrepresented then this would better explain naïve beliefs of
heavier objects falling faster. In other words, we sought to conﬁrm
whether the human visual system has an accurate representation
of physics that enables us to correctly judge the stability of objects,
or whether it relies on erroneous expectations of falling objects.2. Methods
2.1. Participants
The sample consisted of 10 (6 female, 4 male) right-handed
individuals from the University of Western Ontario. Participants
ranged in age from 18 to 41 (M = 24.90 years, SD = 7.14 years). To
be eligible to take part in this study, all participants were to have
normal or corrected to normal vision. Participants received $5
upon completion of the study. All participants gave their informed
written consent to participate in the study, which was approved by
the University of Western Ontario’s Psychology Research Ethics
Board, which complies with The Code of Ethics of the World
Medical Association (Declaration of Helsinki).2.2. Apparatus
Participants viewed stimuli presented on an Apple MacBook Pro
1500 laptop computer using MATLAB 2011. Peripheral vision was
masked to a circular screen by viewing through a circular tube that
also maintained the viewing distance at 30 cm.2.3. Materials
2.3.1. Stimuli objects
The original goblet in the form of a wine glass was downloaded
from a user uploaded design website (Baig, 2011). Multiple goblets
were then rendered with different materials using both 3DS Max
2013 and a Vray 2012 lighting model that enhances photorealistic
3D objects. The ﬁrst set of objects were goblets (12.77  5.71
visual angle) with the same COM and described as being uniformly
dense. Each goblet appeared to be made of a different material
(polystyrene, wood, glass, steel, and gold; Fig. 2) downloaded from
‘‘Vray Materials’’ (2011). The true CA for the uniformly dense gob-
lets (17.5) was found by locating the COM using 3DS Max’s 2013
measure utility and visually tilting the goblet until it was directly
over the point of support. The wire mesh of the wine glass can
be used to derive the COM of the object through geometricdecomposition, where the arithmetic mean position of all points
in each shape are averaged to yield the object’s COM.
In contrast to the uniformly dense goblets, the present study
also focuses on a combination of two different masses (glass and
gold). Glass and gold were chosen for the composite material gob-
lets due to being on opposite ends of a density spectrum, as well as
appearing to be the most real and vivid of the ﬁve goblets in pilot
testing. The objects were goblets with different COMs which varied
in their orientation as either upright or ﬂipped 180 upside-down.
Each goblet appeared to be made of either a gold top and glass bot-
tom or a glass top and gold bottom but alternated in whether it
was shown upside-down or upright (Fig. 2). The COMs of each half
composite material were calculated using 3DS Max 2013 by split-
ting the whole goblet at its COM followed by using 3DS Max to sep-
arately calculate the COM of the cup and base. The composite
COM’s were then computed by inputting the masses of each mate-
rial (m) and distances (x) into the equation below (see Eq. (1);
Fig. 3).
Y ¼ m1x1þm2x2
m1þm2 ð1Þ
From Eq. (1), the true CA for each composite material object was
found by visually locating the true COM on 3DS Max 2013 and tilt-
ing the goblet until it lined up directly with the point of support.
The lowest tip of the goblet was in contact with the surface that
supported the object; therefore this tip would be the pivot point
about which the object would fall when the COM exceeds this
point. To create the pictures of the objects, a virtual goblet was
rotated in the frontal-roll plane in 1 steps about the point on
the base nearest to the edge of the table. On all trials, a Bayesian
adaptive method (based on Kontsevich and Tyler, 1999; GAP tool
box v.0.4 for MATLAB; Tanner, 2008; Tanner et al., 2005) of stimu-
lus presentation was used to optimize trial sampling. The object
could be presented anywhere from 0 to 90 in 1 steps. The sam-
pling within this range was determined from a prior estimate of a
psychometric function relating goblet orientation to perceived sta-
bility for each object, with threshold and slope as parameters of
interest and symmetrical lapse rate as a nuisance variable. The
CA was the estimated threshold (50%; point of subjective equality)
of the function, slope an estimate of the participant’s precision. 100
trials per goblet were collected and initial parameters for the CA
threshold, slope and nuisance variables were taken from previ-
ously published results for perceived object stability (Barnett-
Cowan et al., 2011).
2.3.2. Weighted Material Questionnaire (WMQ; Appendix A)
The purpose of the WMQ was to provide support for the
hypothesis that our expectancies of certain materials will inﬂuence
their perception of object stability and was created speciﬁcally for
this experiment. The WMQ consists of 20 different material prop-
erties presented in random order ranging from light in weight (i.e.,
polystyrene, 75 kg/m3) to heavy in weight (i.e., steel, 7830 kg/m3;
see Table 1 for all density values). Participants were asked to rate
the materials from lightest to heaviest (1 being lightest; 20 being
heaviest) and took approximately 10 min to complete. Note, partic-
ipants were not instructed to identify the materials chosen for the
visual stimuli.
2.4. Procedure
On each block of trials participants were presented with one of
the ten goblets in a randomized order at a given angle. The goblets
appeared at random tilt angles relative to a table ledge and each
material goblet was presented for 100 trials where each image
was presented for 500 ms and then replaced by a black screen.
The participants were asked to report via button presses whether
Fig. 2. The 10-computer-generated images of goblets made of different materials. The top row displays the ﬁve uniformly dense goblets of the experiment presented in their
upright position at 0 ranging from lightest to heaviest (polystyrene, wood, glass, steel, and gold). The bottom row displays a solid upside-down gold goblet as well as the four
composite material goblets presented in their upright position (upside-down glass top-gold bottom, upside-down gold top-glass bottom, upright glass top-gold bottom, and
upright gold top-glass bottom).
Fig. 3. COM calculation of composite material objects. (A) Each composite material object’s COM was calculated by using the distance from the whole object COM (COMW) to
the COM of the cup (COMC; x1) relative to the distance from the COMW to the COM of the base (COMB; x2). (B) The COM of the goblet is shifted towards the position of the
denser gold material (i.e., a gold cup will shift the COM upward, a gold base downward).
Table 1
The actual density rank order on the WMQ. Items in bold represent the materials
chosen for the experiment. Actual densities were found online: http://www.engi-
neeringtoolbox.com/metal-alloys-densities-d_50.html and http://en.wikipedia.org/
wiki/Density.
Material Density (kg/m3)
Polystyrene 75
Cork 240
Cotton 320
Cardboard 689
Oak Wood 700
Plaster 849
Ice 917
Paper 930
Rubber 1100
Plastic 1175
Coal 1350
Concrete 2300
Chalk 2499
Marble 2600
Glass 2600
Aluminum 2700
Diamond 3500
Steel 7830
Iron 7870
Gold 19,320
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(YES/NO task) while looking through a cylindrical tube attached toa laptop computer. The order at which the materials were shown
was randomized through the MATLAB 2011 program. Participants
were instructed at the beginning of the experiment that solid gob-
lets were uniformly dense with nothing inside (as seen in the glass
condition), and composite goblets were made of two different
materials. After ﬁnishing the main experiment, participants were
asked to complete the WMQ for a total experiment time of 45 min.3. Results
A repeated measures ANOVA was conducted on the pooled
observer data of the ﬁrst ﬁve upright uniformly dense goblets
(i.e., no change in the true CA). Participant performance was calcu-
lated by measuring the perceived critical angle of each material.
Fig. 4A shows the average CA of each material relative to the true
uniform CA. Participant CA’s did not signiﬁcantly differ from each
other regardless of the material property, F(4,6) = 0.68, p = .80.
Another repeated measures ANOVA was conducted on the
pooled observer data focusing on the composite material goblets.
Participant performance was calculated by measuring the per-
ceived critical angle of each goblet. Fig. 4B shows the average CA
of each goblet relative to their true CA based on shape or shape
and material. Participant CA’s, were signiﬁcantly different from
each other, with regards to both the orientation of the object and
arrangement of the composite materials, F(4,6) = 4.93, p = .003.
Fig. 4. (A) The average CA of each uniformly dense material (polystyrene, wood, glass, steel, and gold). (B) The average CA of each composite material (upside-down gold,
upside-down glass top-gold bottom, upside-down gold top-glass bottom, upright glass top-gold bottom, and upright gold top-glass bottom). The goblets are presented in the
position of their true CA. The black circles represent the average perceived critical angle of each goblet. The blue line represents the CA based on shape for each material goblet
while the red line denotes the CA based on shape and material. Error bars are ±1 SEM.
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and material properties, we ﬁrst separately ﬁt the perceived CA’s
with the shape predicted CA’s as well as the shape and material
CA’s by linear regression (MATLAB 2014; Fig. 5). Here, the per-
ceived CA was better ﬁt from the shape and material prediction
(slope = 0.7604, Yint = 4.6462, r = 0.899, F(9) = 33.7088, p = 0.0004)
than the shape alone prediction (slope = 0.8517, Yint = 2.9148,
r = 0.7449, F(9) = 9.9754, p = 0.0134). Note, that while both slopes
were signiﬁcant (shape slope: t = 3.1584, p = 0.0134; shape and
material slope: t = 5.8059, p = 0.0004), neither of the y-intercepts
were signiﬁcant (shape Yint: t = 0.5805, p = 0.5775; shape and
material Yint: t = 1.9045, p = 0.0933), which does not support a con-
servative bias. A Bayesian Information Criterion (BIC; MATLAB
2014; aicbic function; Appendix B) was then calculated with a
DBIC score of 6.1942, which is considered to be a ‘‘strong’’ differ-
ence (Kass & Raftery, 1995). This suggests that participants were
more accurate at identifying the CA with the inclusion of the per-
ceived weight of material properties. A similar approach was used
to conﬁrm whether participants estimate the CA with a conserva-
tive bias. Here a ‘‘null model’’ consisting of a y-intercept of 0 and a
slope of 1 was compared to both the shape model and the shape
and material model. BICs were calculated for each null model withFig. 5. Linear regressions of shape predicted CAs (A) and shape + material predicted CAs (
black lines represent the data ﬁts with a perfect relationship represented by the dashed
directly overlap each other. Error bars are ±1 SEM.DBIC scores of 15.7961 and 9.6019 for the shape model and the
shape and material model, respectively. Being negative, these DBIC
scores along with the non-signiﬁcant y-intercept values for each
model do not support the conservative bias prediction.
In order to determine if humans might maintain a reasonable
representation of density from material properties, a correlational
analysis was conducted on the rated (M = 10.52, SE = 0.72) and
actual density (M = 10.50, SE = 0.91) ranks of the WMQ (Fig. 6;
Table 1). This was done by averaging the rated participant material
ranks for each of the 20-items and then correlating these with the
actual material density rank for each material. Results from this
analysis yield a signiﬁcant positive correlation, r = 0.82, p < .001,
indicating that the human visual system might be able to reason-
ably represent density from material properties. Importantly, this
representation of relative density does not interfere with perceived
object stability.4. Discussion
Here we have shown that the human visual system might be
able to reasonably represent the relative densities of differentB) as a function of average perceived CA’s (black circles) for the 10-goblets. The solid
black lines. Note that all 10 data points are plotted in both panels, but some points
Fig. 6. Correlational analysis of the actual and rated density ranks on theWMQ. The
line indicates the signiﬁcant positive correlation between actual and rated density
ranks, r = 0.82, p < .001. The open circles represent the 20-material items used on
the WMQ. The black circles represent the ﬁve materials chosen for the object
stability task. Error bars are ±1 SEM.
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judgments of an object’s physical parameters (shape and compos-
ite density). Importantly, this representation of relative density
may be used as a reference to guide perceived object stability.
Knowing about an object’s stability is important as it affects our
expectancies and interactions with its behavior (Barnett-Cowan
et al., 2011). While past research has shown that humans are quite
accurate at locating the COM based on object shape (Samuel &
Kerzel, 2010), and can estimate the critical angle for both symmet-
ric and non-symmetrical objects (Barnett-Cowan et al., 2011;
Cholewiak, Fleming, & Singh, 2013), it was not clear how this
would be affected by material properties. It was predicted that if
material properties erroneously inﬂuence the human visual sys-
tem’s representation of the physical laws which govern falling
objects, we would expect to see a lower CA for objects made of
dense material (e.g., gold) than less dense material (e.g., polysty-
rene). However, the results from the experiment show that there
was no change in the perceived CA across uniformly dense materi-
als, suggesting that humans have an accurate representation of the
laws of physics that govern falling objects as the CA of a uniformly
dense object is determined not by its material, but by its shape.
Although humans tend to adopt the strategy of using the per-
ceived center of an object’s shape to determine an object’s COM
(Barnett-Cowan et al., 2011), this strategy is only effective if the
object is perceived as uniformly dense. Here, we wanted to deter-
mine if participants could judge the CA of a goblet that now pos-
sesses a unique CA based on both shape and material property.
To test this, the present experiment used a composite material
object made from two different materials (gold and glass), pre-
sented either upright or upside-down. As each goblet now pos-
sesses a unique true CA, we could use the object stability task to
test the hypothesis that the visual system is able to rely on a robust
representation of relative material densities to determine the COM
of an object based on both shape and material and its correspond-
ing likelihood to fall. The results yielded an average perceived CA
that closely tracked change in the true CA for each condition with
no conservative bias displaying the accuracy with which humans
are able to correctly judge an object’s stability from both shape
and material properties (see Figs. 4 and 5). The data show thatthe human visual system uses both shape and material properties
to accurately judge the perceived stability of objects. As the
relationship between perceived CA and the shape and material
CA prediction was signiﬁcantly explained more of the variance in
the data than between perceived CA and the shape alone CA pre-
diction, we conclude that material properties play an important
role in judging an object’s stability.
It is advantageous to have a visual system that can quickly
assess the likely behavior of an object based on its shape and mate-
rial properties. For instance, a high level representation of an
object’s COM based on both shape and material would rapidly
reduce the computational load of predicting how an object will fall
based on visual information available only during a fall. Bingham
and Muchisky (1993) have shown that determining the COM of
objects solely by their shape using simple geometry is relatively
easy as this strategy works well for natural objects (e.g., stone),
which are generally uniformly dense. However, man-made objects
can have gross differences in density, for instance man-made
objects are often made of composite materials. Our results from
the present study support the hypothesis that the brain forms a
robust internal representation of material density likely built up
from past experience, which in turn allows for more accurate pre-
dictions of an object’s weight and behavior. This hypothesis is also
supported by research on the Size–Weight Illusion (SWI) and
Material-Weight Illusion (MWI), where prior experiences with
weight and material properties determine how we interact with
an object (Buckingham, Ranger, & Goodale, 2011; Flanagan,
Bittner, & Johansson, 2008). Importantly, however, here objects
are not being lifted, but visually judged on their likely behavior
(i.e., whether they will fall).
While we wanted to determine whether everyday materials we
come into contact with could inﬂuence the perception of an
object’s behavior, it should be noted that the representation of
heaviness and lightness of materials is generally based on experi-
ence. As such, humans in general have less experience with large
volumes of gold that may result in a bias in their response to this
study. Participants may have also thought glass was seemingly
dipped in gold, even though participants were instructed at the
beginning of the experiment that the objects were made of com-
posite material halves. Furthermore, the present study used a nat-
ural object (e.g., wine glass) given that it is more ecologically
relevant. However, because we restricted the stimuli to all the
same object, further investigation on the relative role of shape
and material properties is warranted.
It should be noted that several issues arise with the use of the
WMQ to gauge perceived material density. First, the WMQ simply
ranked materials from lightest to heaviest. We suggest that future
studies look at measuring the perceived ratios between materials
to better assess how accurate humans are in representing actual
vs relative material densities. Second, the WMQ is not a perceptual
task making it difﬁcult to imply inferences from the questionnaire
to whether participants can accurately gauge material density.
Lastly, while the WMQ was administered following the object sta-
bility task, further investigation is warranted on whether taking
the WMQ before assessing object stability might prime partici-
pants into making erroneous judgments.
Our experiment was not able to answer the question of why
humans tend to expect heavier objects to fall faster than lighter
objects (i.e., Galileo’s falling bodies experiment). While previous
research has focused on objects being dropped as opposed to
tipped, the present experiment is able to rule out inaccurate beliefs
about gravity by demonstrating that the brain is able to reasonably
represent relative material density (i.e., an object’s COM) and its
relation to gravity. One variable that we did not consider in the
present experiment is air resistance. It has remained unknown
164 J. Lupo, M. Barnett-Cowan /Vision Research 109 (2015) 158–165whether humans possess the knowledge of air resistance to inﬂu-
ence their decisions or whether they inaccurately believe that
gravity affects heavier objects more than lighter objects (Oberle
et al., 2005). Furthermore, past research on representational
momentum has also shown that participants believe heavier
objects fall faster than lighter objects (Hubbard, 1997). Hubbard
manipulated the perceived weight of target objects by varying
them in size, which revealed that participants judged the larger
targets to have greater movement displacements (i.e., object trav-
eled a greater distance than it actually did) than did the smaller
targets, suggesting that participants were inﬂuenced by the size
of the targets. Hubbard suggested that many of these errors are
not only a product of representational momentum, but also due
to the existence of representational gravity. While there are
numerous studies on naïve physics involving motion (Halloun &
Hestenes, 1985; McCloskey, 1983), research dealing with air
resistance is less common. Oberle et al. (2005) found that even if
participants are given appropriate feedback on the effects of air
resistance on falling objects, there still exists a tendency to
believe that objects will hit the ground at the same time, otherwise
known as the ‘Galileo bias.’ It is theorized that the ‘Galileo bias’
results from constantly experiencing falling objects at short
heights, where the rates of free fall are undistinguishable.
Therefore, when we encounter an unfamiliar situation involving
falling objects, erroneous beliefs interfere with the correct
response. As such, erroneous beliefs about heavier objects falling
faster than lighter objects may not be a result of gravitational
forces, but due to lacking knowledge of air resistance and its
effects on motion.4.1. Conclusions and future directions
We conclude that the human visual system can form a reliable
estimate of the COM of an object from its shape and material,
which is used to assess an object’s behavior in a gravitational envi-
ronment. Given that the visual system is able to use both shape
geometry and material properties to assess object stability, we pre-
dict that extending this research to grasping behavior would reveal
that material properties affect where a person will grip an object to
optimally lift it. Research has shown that participants adjust their
grip relative to the COM of an object based on shape (Bingham &
Muchisky, 1993), however, it is not known whether this ability is
modulated for composite material objects. Further, Lukos,
Ansuini, and Santello (2007) found that humans have a default
strategy to grab about an object’s center when they did not know
the COM location. This research is particularly important because
grasping an object below its true COM results in an unstable equi-
librium (Bingham & Muchisky, 1993), which if perturbed may lead
to dropping the object. Further, our results imply that the content
of virtual environments could be augmented by incorporating
material derived COMs in animated sequences, which may
increase realism and immersive presence. Finally, incorporating a
model of material density into designing artiﬁcial visual systems
would allow for more predictive interaction of robotic systems
with objects.Acknowledgments
This work was generously supported by a Banting
Fellowship from the Natural Sciences and Engineering Research
Council of Canada (NSERC) and an Ontario Ministry of Economic
Development and Innovation Fellowship to MB-C. Our thanks go
to Gavin Buckingham, Roland Fleming, Holly Baughman, and
Jessica Tomlin for helpful comments on an earlier version of the
manuscript.Appendix A. Weighted Material Questionnaire
Imagine that you have in front of you a number of 1 cubic foot
blocks made from each of the materials listed below.
Rate each material from lightest to heaviest (1 = lightest,
20 = heaviest).1. Rubber ______
2. Cotton ______
3. Steel ______
4. Marble ______
5. Styrofoam ______
6. Plastic ______
7. Oak Wood ______
8. Aluminum ______
9. Cardboard ______
10. Diamond ______
11. Iron ______
12. Gold ______
13. Cork ______
14. Glass ______
15. Concrete ______
16. Coal ______
17. Paper ______
18. Ice ______
19. Plaster ______
20. Chalk ______Appendix B. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.visres.2014.11.
004.
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